There is emerging evidence that environmental degradation increases human mortality. This paper provides a long-run consumer optimization model in which mortality is endogenous to emissions generated by production. Emissions are assumed to follow the EKC path, first rising and then falling along with output. In the optimum, some deaths are accepted as an exchange for consumption. The model is estimated for the European outdoor air pollution data, showing that Europe has reached the downward sloping segment of the EKC. Economic growth will thus decrease rather than increase air pollution and the associated deaths in most countries in Europe.
Introduction
As several branches of science provide new findings concerning air pollution, climate change, salination of ground water, and pollution of the ocean, there is emerging evidence that environmental degradation harms human health, and the fear that economic growth increases this degradation is common. This paper offers a long-run economic growth model in which population growth, through mortality, is endogenous to environmental degradation. In this framework, health -and even life -is one of the competing goals of utility-maximizing agents as there is a trade-off between consumption and mortality. Nevertheless, the association between economic degradation and economic growth is not linear. On the contrary, according to the Environmental Kuznets Curve hypothesis, EKC, pollution first increases but then decreases along with output (Selden and Song 1994 , Arrow et al. 1995 , Grossman and Krueger 1995 .
Our model is derived from several building blocks and several simplifications are needed to keep it tractable. Mortality increases as a response to emissions generated as by-products of production. Since emissions mostly have their roots in energy combustion, it has been argued that the capitalintensive sectors are "dirtier" than the labor-intensive ones (Cole and Elliott 2003) . We take this argument to the extreme by assuming that there is only one capital-intensive sector, where capital is the sole factor of production.
Hence, environmental mortality causes no negative effect on production and is important only because of welfare losses, which are modeled through the Benthamian utility function depending on per capita consumption and the population size. We assume that pollution is a public good consumed by all in equal amounts, so that only its overall extent is important. The EKC hypothesis is, therefore, considered in total rather than in per capita terms.
Since our emphasis is on the basic trade-off between output and deaths, many important elements such as emission-limiting policies and health-promoting 1 medical efforts are left out of the model (Stokey 1998 ).
There seems to be a consensus that of the several environmental hazards, outdoor air pollution currently causes the greatest risk to human health. Air pollution mortality was first reported in the Meuse Valley, Belgium (1930) and London (1953) , where smog took the lives of 60 and 4 000 people respectively (Logan 1953 , Nemery et al. 2001 . Air pollution raises mortality mainly through increases in respiratory and cardiovascular diseases and lung cancer, but an increase in skin cancer has also been reported (Samet et al. 2000, Brunekreef and Holgate 2002) . All age groups are affected, but the unborn, young children, and the elderly are the most vulnerable.
CAF E, the Clean Air for Europe program and W HO, the World Health
Organization, in their recent research, have provided the first-ever estimates of environmental mortality in Europe, showing that nowadays there are more than 300 000 premature deaths annually (WHO 2004) . Hence, the relevant question arises of what the effect of economic growth on this number will be in the future.
To answer this question, we estimate the parameters of the model to accommodate it to the European economic and air pollution data. The critical question here is whether the European countries have already passed the EKC peak. Since the derived results suggest that this is the case, our conclusion is that economic growth will decrease rather than increase the number of environmental deaths. The decrease is most rapid in countries with the lowest population growth and the highest economic growth. Nevertheless, in a sub-sample of fourteen European countries for which the complete analysis is possible, the total number of air pollution deaths from 2000 to 2020 accounts for more than four million, showing that even though Europe is one of the cleanest places in the world, its environmental deaths are numerous enough to be taken seriously.
The paper is organized as follows: Section 2 introduces the model and Section 3 works out its solution. Section 4 provides its application to the European air pollution deaths with country-specific results and Section 5 discusses the findings and closes the paper. The appendixes contain technical details and the data.
The model
Consider an economy in which capital K is the only input, implying that the role of labor L as input is negligible. The production function takes the Cobb-Douglas formula
where A > 0 is the technology level and 0 < α < 1 is the elasticity of the output with respect to capital.
All emissions E are generated as by-products of production. Hence, for all Y ≥ 0 emissions become
We assume that the Environmental Kuznets Curve hypothesis EKC holds, i.e., emissions first rise and then fall along with the output. Therefore, the emission function g(·) assumes
and
where µ refers to the EKC peak. The limit conditions (3) imply that emissions step in slowly and ultimately level off. The emission function also satisfies
1 EKC arises when the emission-decreasing technology and composition effects dominate the emission-increasing scale effect, consisting of an increase in per capita incomes and population size. Since we assume that emissions are commonly "consumed" by all, i.e., emissions are a public good, only their total amount is important here. Air pollution is a good example of this.
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Emissions cause unwanted health consequences ranging from eye irritation to severe illness and death. We concentrate on deaths. If frequent, environmental deaths manifest themselves as a decrease in population growth.
Hence, we assume that the population growth rateL/L = n consists of two components, an autonomous component and a component describing the environmental deaths. Concentrating on the latter, we assume that the autonomous component ν is constant. Hence, for all E ≥ 0, the population growth rate n = n(E) satisfies
indicating that population growth is positive for zero emissions but decreases as emissions increase. Note that since the production function (1) is highly stylized, environmental mortality induces no feedback on the output. This is justified if most environmental victims are children and elderly adults as is the case of the air pollution deaths analyzed here.
Noting (4) and normalizing the initial population to unity, the population size at time t becomes
Since the output can be either consumed or saved, the capital stock accumulates according toK 
The central planner thus chooses consumption C(·) to maximize the utility
subject to (2), (3), (4), (6). To keep (7) bounded, let
3 Optimal Consumption and Investment
The fact that the discount factor ∆(t) = (7) is not constant provides difficulties for the analysis. To eliminate them, we apply the virtual time technique suggested by Uzawa (1968) . Given (8), the factor ∆(t) has the following properties:
Since ∆(t) satisfies the regularity conditions suggested by Uzawa (1968) and can be used as an alternative independent time variable, we set C = C(∆),
2 The alternative specification, u(C/L) = 3 Note that due to (4), assumption (8) is sufficient for the positiveness of ρ − θν(E) for all E ≥ 0.
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Applying (9) to (2) - (7) turns the problem into
Problem (10) is equivalent to (2) - (7) and can be solved in virtual time by the Pontryagin maximum principle for optimal control problems on the infinite time horizon (as in Aseev and Kryazhimskiy 2007) . Letting λ be the adjoint variable, the Hamiltonian and necessary conditions become:
multiplying (13) by (ρ − θn(E)) transforms it back to the natural time and, after some algebra, the equation for the adjoint variable becomes
To eliminate λ, take the time derivative of (12) and insert into (14) to geṫ
Equations (6) and (15) supply the solution of the model. The phase lines are:
4 To make the formulas shorter, we leave out the arguments of the functions if possible. , and hits the horizontal axis at the origin andK = (δ/A)
, as is illustrated in Figure 2 . All steady states, if they exist, are allocated on the upward sloping segment ofK = 0. For the EKC to be of economic relevance, it should thus peak at lower values of K. Hence, we assume µ <K.
The phase lineĊ/C = 0 can adopt several shapes depending upon the values of the parameter θ. Since Hall (1988) has argued that empirical elasticities tend to be large, we assume θ > 1, implying that the fraction (θ−1)/θ is positive.
The fact that g changes its sign at the EKC peak implies that the lineĊ/C = 0 has a point of discontinuity at K = µ. Since
for all K <K, the limit behavior ofĊ = 0 depends on its rightmost expres-
Thus, noting (2), (3), (4) and (8), it holds that
Hence,Ċ/C = 0 adopts an inverted-U shaped graph for K < µ but swings from ∞ to negative values when K > µ. Inequality (16) 5 The case where θ < 1 can, however, be considered analogously.
. . . . In this case, the number of interior steady states is one. .
One can comprehend the model by comparing it with the standard model of optimal growth in which the central planner only faces the trade-off between current consumption and future consumption streams, whereas in the present model she also faces the trade-off between future consumption streams and environmental deaths. Since high future consumption calls for investment and production, inducing higher emissions and more numerous deaths, the planner evaluates current consumption against the future consumption net of induced deaths. In the optimum, she accepts some deaths as an exchange for the sufficient consumption. 7 Particulate matter, P M , consists of solid airborne particles of varying size, chemical composition, mainly generated by energy combustion (mobile or fixed site), often also from long-distance sources. Particulate matter is further classified according to its maximum diameter size, the main groups being P M 2.5 and P M 10 with maximal diameters of 2.5 and 10 µm respectively.
8 For methodological issues in epidemiological studies, see . For studies on infant mortality, see and Currie and Neidell (2005) . For techniques for deriving country-level mortality estimates, see Ostro (2004) .
Generating the Missing Emission Data
The theoretical model claims that the emission function E = g(Y ) = g(GDP )
should adopt an EKC consistent path, i.e., emissions should first rise and then fall as a function of output Y measured as the real gross domestic product GDP . To estimate such a function, several observations of emissions and GDP are necessary but, unfortunately, the P M 2.5 data above is available only for the year 2000. We thus estimate the emission-output association from a cross-section of countries in 2000 and then generalize this association to time series in individual countries. For the cross-section, we calculate the emission intensity of output φ = E/GDP to regress it against the value of the real per capita domestic product GDP pc in each EU 25 country. Figure 2 shows that φ decreases as a function of GDP pc, implying that richer countries apply cleaner production methods.
A suitable formula for the association seems to be φ = γ · GDP pc ϑ . Hence, by taking logs, we fit
by OLS, to derive the estimates γ = 56298.77 and ϑ = −1.27. Model (17) explains 55% of the cross-country variation in φ.
To derive the country-specific time series from (17), we calculate φ i,t by applying GDP pc i,t for each available year t for each country i. Since φ = E/GDP we get
showing that the elasticity of emissions in terms of GDP pc (population) is negative (unity). Hence, we get
where the multiplicative country-specific fixed factor 
Estimating the Country-Specific Parameters
To apply cross-country results to a single-country model, some intermediate steps are usually needed and this holds in our case as well. Given that the cross-sectional comparison of emission intensities is meaningful only in terms of per capita GDP , the expression for emissions in (18) depends on GDP pc and L. For mathematical reasons, however, the model above takes emissions directly as a function of GDP, claiming that the function E = g(Y ) = g(GDP ) satisfies (2) and (3), i.e., it should be consistent with the EKC path and emissions should increase slowly and ultimately level off. To estimate such an emission function, we take the generated time series for emissions as plain data, and regress them against the time series for GDP in each country. A simple, feasible formula is
where µ and η refer to the GDP and emissions at the EKC peak, respectively.
Given the downward-sloping trend in most countries (Fig. 3) , the actual peak of the EKC remains unknown. In these cases, the peak is allocated to the earliest available year (1950, 1970 for Hungary), but the observed peak is applied if available. For The Netherlands, the peak is allocated at 1996. By 1950 − 2000 (1970 − 2000 for each country and taking logs, we estimate
for each country separately to derive the country-specific estimates for η and
. All countries exhibit statistically highly significant values for σ.
The estimates and the values for R 2 from (19) are reported in Table 1 .
To evaluate A and α in the production function Y = GDP = AK α in (1), we first apply the standard perpetual inventory method (Caselli 2004) to generate the capital stocks from 1950 to 2000 (from 1970 for Hungary) by accumulating investments (data from Heston et al. 2006) . We assume that the depreciation rate δ = 0.05 is the same in all countries. By taking logs, we then fit
for each country separately to derive the country-specific estimates for α and A (Table 1) . Consider next the demographic function n = n(E) in (4). Since most epidemiological studies indicate that the association between mortality and pollution is linear (Samet et al. 2000 , Brunekreef and Holgate 2002 , Pope et al. 2002 , we assume n = n (E) = ν − βE. For the autonomous population growth ν, we adopt the average annual population growth rate from 1950 to 2000 in each country (Table 1) . Air pollution naturally has some effect on this number since urban pollution used to be more severe than currently, but given the long time-span and large population included, this effect seems negligible. Since βE is the death rate from air pollution, we calculate β = air pollution deaths population · E 13 for each country separately to derive the country-specific estimates for β (Table 1) .
The average real interest rate in each country taken from the post-oil crisis period (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) has been chosen as the proxy for the time preference factor ρ (data from World Bank 2008). To estimate θ, consider equation (15).
Unfortunately, (15) cannot be solved for θ, but we simplify it by setting n = 0 for t = 1950 − 2000 for all countries to getĊ/C = (1/θ) (αAK
Hence, given the country-specific values for A, α, ρ, and δ = 0.05 we estimate 1/θ fromĊ
for each country separately to derive the country-specific estimates for θ (Table 1 ).
Results
Given the estimated parameters, one can calculate the solution of the model and build projections of emissions and air pollution deaths for each country in EU 14 .
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The time horizon chosen extends from 2000 to 2020. The main results are shown in Table 2 .
The first column in Table 2 (16) by noting that this term is an increasing function of θ and that the calibrated value for θ never exceeds 15. Thus, by assuming θ=15 and calculating the omitted element for all countries we see that the average maximal (relative) error in the right hand side of (21) is 0.48%.
10 All results are derived by the time-elimination method, in which the stable saddle path is calculated from the steady state (K * , C * ) backwards to the origin (Mulligan and Sala-iMartin 1991). Mathematica 5.2 programs are available from the authors on request. Only a single steady state arises in every EU 14 country. The accuracy of the model, measured by its ability to meet the actual data point of air pollution deaths in 2000 is satisfactory, the average error in deaths being −3.84%. Figure 4 panel a indicates that emissions will decrease everywhere, the largest decrease taking place in Portugal and the smallest in France. Table 2 and Appendix B also show that the average death rate from air pollution will decrease from 0.00069 to 0.00053. The country-specific indexed death rates are illustrated in Figure 4 , panel b.
The third column in Table 2 reports the number of air pollution deaths in 2020. A comparison with the data shows that the total in EU 14 will decrease from 220225 in 2000 to 182857 in 2020. Expressed as an index, this decrease is from 100 to 83.03. Figure 5 shows the indexed time paths for deaths for each country, indicating that most marked gains will be achieved by Italy, Portugal, and Hungary. On the other hand, deaths will increase in France and Greece, where the decrease in emissions and deaths dates will be more than off-set by an increase in the population size, indicating more victims than before. In spite of the generally decreasing trends, the fourth column of Table 2 shows that the total number of air pollution deaths from 2000 to 2020 will accumulate to 4 298 419 persons in EU 14 . In general, the importance of population growth seems to be considerable, even in an area like EU 14 , where this growth is already relatively low. In general, the economic growth rates in EU 14 will be smaller than in the past, a result which is expected because of the decreasing productivity of capital in the model (α < 1). of the future challenges is to pay special attention to those countries where the difference between these two approaches is most significant.
Conclusions
There is emerging evidence that environmental degradation increases human mortality and a common fear is that economic growth increases the number of environmental deaths by increasing degradation. To evaluate whether this fear is justified, we provide a long-run consumer optimization model in which mortality is endogenous to emissions, which are assumed to follow the EKC path, first rising but then falling along with the output.
The parameters of the model are estimated to accommodate European economic data and outdoor air pollution deaths, showing that countries in Europe have reached the downward sloping segment of EKC. Economic growth will, therefore, decrease air pollution and the associated death rates in most of the fourteen countries in Europe for which complete analysis is possible. In some countries, however, population growth is so high that the number of deaths will increase. Nevertheless, in spite of the generally decreasing trends, the total number of air pollution deaths from 2000 to 2020 accounts to more than four million in these countries.
Several improvements to the current model are possible, but its simplicity is also an advantage. The simplicity of the production function, for example, reminds us why environmental deaths have been discussed so little: if no considerable productive feedbacks arise, as may be the case in air pollution deaths, then these deaths are human and welfare problems alone. The utilitarian simplicity of the Benthamian function then puts things very bluntly:
only the total utility matters and a situation in which some people suffer and die but others go on happily consuming ever more may well be optimal.
Policy measures, such as emission limits and international agreements, are thus needed to decrease emissions faster than this study implies, and to prevent the total number of environmental deaths from growing to the kinds of numbers calculated in this paper.
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